Background: Determinations of certain forms of prostate-specific antigen (PSA) have been shown to increase the specificity for prostate cancer (PCa). One such variant, proteolytically active PSA, is a potentially useful tumor marker, but it is not specifically recognized by antibodies. Using phage display libraries, we previously identified a "family" of peptides that bind specifically to active PSA. We used these to develop an immunopeptidometric assay (IPMA) that specifically detects this form of PSA. Methods: Microtitration plates coated with a PSA antibody were used to capture PSA, and a PSA-binding glutathione S-transferase (GST) fusion peptide was used as a tracer. Bound tracer was detected with an antibody to GST labeled with a europium chelate. PSA isoenzymes with high and low enzymatic activity were used to study binding specificity. Results: The IPMA detected enzymatically active PSA but not internally cleaved PSA and pro-PSA, which are enzymatically inactive. The assay detected 1-10% of free PSA in serum from PCa patients. Conclusions: Peptides identified by phage display can be used to develop assays with unique specificities for enzymatically active PSA. IPMA represents a new assay principle with wide potential utility.
(MAbs) 1 has facilitated development of assays that differentiate between variants of the same protein, but apparently because antibodies recognize epitopes on the surface of proteins, recognition of differences in the internal structure of proteins is hard to achieve with antibodies.
Prostate-specific antigen (PSA) is a 33-kDa serine protease and a sensitive serum marker for prostate cancer (PCa). Measurement of serum PSA is widely used for early detection and monitoring of patients with PCa. However, the usefulness of PSA for early diagnosis of PCa is limited because increased serum concentrations are also caused by benign diseases such as benign prostatic hyperplasia (BPH) (2, 3 ) . The cancer specificity of PSA can be improved by measurement of its complex with ␣ 1 -antichymotrypsin, the proportion of which is higher whereas that of free PSA is lower in cancer than in benign diseases (4, 5 ) . This is thought to result from differences in the types of PSA released into the circulation by benign and malignant prostatic cells. PSA secreted by PCa cells is thought to be more active enzymatically than that leaking from the benign prostate; thus, a larger proportion forms a complex with ␣ 1 -antichymotrypsin (6 ) . PSA isolated from BPH nodule fluids has been shown to contain a high proportion of cleaved forms (7 ) , and free PSA in serum from patients with BPH has also been shown to be more extensively cleaved than that in PCa serum (8 ) . In addition, part of the free PSA in plasma consists of inactive proforms (9, 10 ) , but the presence of some enzymatically active PSA in the circulation can also be detected by capture with an antibody and detection with a sensitive substrate (11 ) . Because of its association with cancer, this form of PSA is of potential clinical utility, but it has not been possible to determine it directly by immunoassay.
We have previously identified PSA-binding peptides by screening phage display peptide libraries and expressing them as glutathione S-transferase (GST) fusion proteins. The peptides bind specifically to enzymatically active free PSA and enhance its enzymatic activity (12, 13 ) . In this study we used two of these peptides as ligands to develop novel immunopeptidometric assays (IPMAs).
Materials and Methods purification of psa
Seminal plasma was precipitated with ammonium sulfate at 25% and 70% saturation, and the fraction precipitating at 70% saturation was dissolved in 50 mmol/L Tris buffer (pH 8) containing 3 mmol/L sodium azide (partially purified PSA). After dialysis against 50 mmol/L Tris buffer, the partially purified PSA was applied to an immunoaffinity column prepared by coupling MAb 5E4 (14 ) to CNBr-activated Sepharose (Amersham Pharmacia Biotech). The column was washed with 30 bed volumes of washing buffer (50 mmol/L Tris buffer containing 0.5 mol/L NaCl), and PSA was eluted with 1 g/L trifluoroacetic acid. The PSA isoenzymes were further separated by ion-exchange chromatography on a Resource Q column (Amersham Pharmacia Biotech) (15 ) . Pro-PSA was purified from LNCaP cell culture medium by use of an immunoaffinity column with anti-PSA MAb 4G10 (free PSA-specific antibody) (14 ) . Affinity-purified LNCaP PSA was dialyzed against 50 mmol/L phosphate buffer, pH 5.6 (buffer A), and applied to a Resource S column (Amersham Pharmacia Biotech). Pro-PSA was eluted with a linear gradient of buffer A and buffer B (buffer A containing 0.5 mol/L NaCl). The fraction eluting at 0.2-0.3 mol/L NaCl contained mainly pro-PSA, which could be activated by treatment with bovine trypsin (Sigma) as described previously (16 ) .
measurement of enzymatic activity
Purified PSA (100 ng) was incubated in microtitration wells coated with MAb 5E4 for 1 h at 22°C with slow shaking. After the wells were washed twice, bound pro-PSA was activated by the addition of bovine trypsin (10 ng) in 200 L of buffer (5 g/L bovine serum albumin in Tris-buffered saline) and incubated for 20 min at 22°C. After washing, a fluorescent peptide substrate (11 ) (Enzyme Systems Products) was added to a final concentration of 400 mol/L, and the fluorescence (355/460 nm) was monitored for 120 min in a Victor1420 Multilabel counter (Perkin-Elmer Life Science, Wallac).
serum samples
We studied 15 serum samples from PCa patients with total PSA concentrations of 9 -475 g/L and from 10 apparently healthy women. We also analyzed a female serum sample to which PSA was added. Partially purified seminal PSA was added to serum at a final concentration of 15 mg/L. After incubation for 48 h at 37°C, the sample was fractionated by gel filtration on a 1.6 ϫ 60 cm Superdex-200 column (Amersham Pharmacia Biotech) equilibrated with 50 mmol/L Tris-HCl buffer (pH 7.7) containing 150 mmol/L NaCl (Tris-buffered saline). The flow rate was 15 mL/h, and 2-mL fractions were collected into tubes containing 200 L of assay buffer with a 10-fold protein concentration. The column was calibrated with IgG (160 kDa) and bovine serum albumin (67 kDa) as molecular size markers.
psa-binding peptides
PSA-binding peptides were identified by screening phage display peptide libraries (12 ) . Two peptides, B-2 and C-4, were constructed as GST fusion proteins, expressed in Escherichia coli BL 21 cells and purified by glutathione affinity chromatography (Amersham Pharmacia Biotech) as described previously (12 ) .
immunofluorometric assays
Immunofluorometric assays for PSA were performed as described previously (17, 18 ) . In the IPMA, 25 L of sample or calibrator (0.5-250 g/L) (enzymatically active PSA) and 200 L of assay buffer [50 mmol/L Tris-HCl (pH 7.7), 150 mmol/L NaCl, 67 mol/L bovine serum albumin, 1 mol/L bovine IgG] were added to MAb-5E4-coated wells and incubated for 1 h at 22°C. For assay of chromatographic fractions, a sample volume of 200 L was used. After incubation, the wells were washed, and 1 g of GST-peptide in 200 L of assay buffer was added. After incubation for 60 min at 22°C, the wells were washed, and 50 ng of europium-labeled anti-GST antibody (Amersham Pharmacia Biotech) in 200 L of assay buffer was added and incubated for 60 min. The wells were washed four times, and enhancement solution (Perkin-Elmer Life Science, Wallac) was added. Slow orbital shaking was used during all incubations. After 5 min, time-resolved fluorescence was measured with a Victor 1420 Multilabel counter. The detection limit was defined as the concentration corresponding to the fluorescent signal of assay buffer plus 2 SD calculated from 12 replicates.
Purified PSA isoenzymes (A, B, C, D, and E) at a concentration of 150 g/L were used to study the reactivity of PSA-binding peptides with different PSA isoenzymes in the IPMA. Pro-PSA purified from LNCaP cell medium was studied before and after activation with trypsin.
Results
The detection limit of the IPMA was 0.6 g/L, and the assay was linear up to 250 g/L (Fig. 1) . The intra-and interassay imprecision (CV) of the assay were 7-12% (n ϭ ??) and 8 -13% (n ϭ ??), respectively, at concentrations of 2-100 g/L.
The reactivities of the PSA isoenzymes (A-E), which display variable enzyme activities, were analyzed by the IPMA. GST-peptides B-2 (CVFAHNYDYLVC) and C-4 (CVAYCIEHHCWTC) bound equally to the intact isoenzymes A and B (defined as 100%), whereas the response was 25%, 15%, and 7% with PSA isoenzymes C, D, and E, respectively (Fig. 2) . Pro-PSA purified from LNCaP cell culture medium showed low enzymatic activity, ϳ7% of that for PSA-B. After activation by trypsin, the activity increased to ϳ93% (Fig. 3) . Approximately 6 -9% of pro-PSA was recognized by the IPMA, and after activation with trypsin recognition increased to 71-88% compared with that of PSA-B (Fig. 4) .
When serum was analyzed by IPMA, active PSA was detected in samples containing Ͼ10 g/L free PSA. The concentrations measured by IPMA corresponded to 1-10% of the free PSA (Fig. 5) . No PSA was detected by the IPMA in 10 female sera.
To characterize the fraction of PSA reacting in the IPMA, an excess of purified PSA (15 g/L) was added to serum. During incubation with serum for 48 h, most of the added PSA was rendered undetectable by reaction with ␣ 2 -macroglobulin, whereas 27% of the added PSA was detectable by immunoassay. Approximately 19% of the detectable PSA was complexed with ␣ 1 -antichymotrypsin, and 81% was free. Measurement of active PSA by IPMA in fractions separated by gel filtration showed that ϳ10% of free PSA was in the active form. No active PSA was detected in the fractions containing complexed PSA (Fig.  6 ).
Discussion
This study shows that artificial peptides identified by phage display libraries can be used together with antibod- Fig. 1 . Dose-response curve for the IPMA of PSA.
PSA isoenzyme B was used as a calibrator. The background of ϳ2500 cps has been subtracted. ies as ligands for development of sensitive assays, which we call IPMAs. These assays can be used to measure the enzymatically active subfraction of PSA, which to date has not been detected by established antibody-based assays. We selected peptides reacting with enzymatically active PSA from a phage display library (12 ) and prepared GST-peptide fusion proteins, which were used as labels in combination with a monoclonal capture antibody. Both active and inactive PSA were bound by the antibody, but only the active PSA fraction was detected by the peptide. Both peptides used, B-2 and C-4, reacted to the same extent with the various PSA isoenzymes isolated from seminal plasma, and isoenzymes with variable enzymatic activities were detected to an extent corresponding to their enzymatic activities. We also studied whether pro-PSA isolated from LNCaP culture medium reacted in the assay. Pro-PSA does not occur in seminal plasma, but it can be isolated from spent medium of LNCaP cells. Approximately 7% of this pro-PSA was recognized, which corresponded to its enzymatic activity. After activation of pro-PSA by trypsin, the enzymatically active PSA was recognized by the assay.
Some MAbs recognizing certain PSA variants have been described recently; one MAb does not recognize PSA cleaved at Lys 145 -Lys 146 but binds to intact and other cleaved forms of PSA (19 ) . Another antibody reacts specifically with PSA cleaved after Lys 182 (20 ) . However, MAbs with a specificity similar to that of the peptides for enzymatically active PSA have not been obtained. Antibodies bind to the surface of PSA (21 ) and probably do not recognize structural differences within the grooves and pits of the molecule. Because of their small size, peptides may recognize differences in the inner structure of PSA, such as the active groove. Because the peptides increase the enzymatic activity of PSA (12 ), it is likely that they bind to the vicinity of the active groove.
In patients with PCa, PSA is thought to be released into the circulation in a more active form than the forms that leaks from benign prostatic tissue, which could explain the high proportion of PSA complexed with inhibitors in cancer patients (4, 22 ) . The IPMA detected 1-10% of free PSA in serum from PCa patients with clearly increased PSA. This result is in line with the finding that ϳ3% of free PSA in the circulation is enzymatically active (11 ) . To characterize the fraction of PSA in serum recognized by the IPMA we added a large excess of PSA isolated from seminal fluid to a serum sample and fractionated it by gel filtration. This showed that 10% of the free PSA was recognized by the IPMA, indicating that it was enzymatically active in spite of the large excess of protease inhibitors in plasma.
The sensitivity of the IPMA is higher than expected on the basis of the moderate affinity of the peptides (K a ϭ10 Ϫ7 mol/L). This may be explained by the fact that part of the GST fusion proteins occur as dimers and trimers, which facilitate multivalent binding and enhanced avidity (12 ) . Even so, the IPMA is not sensitive enough for measurement of active PSA in sera with the moderately increased concentrations that are typically present at early stages of PCa and BPH. We are working on improving the sensitivity to facilitate testing of samples in the clinically important range of 2-10 g/L, in which differentiation between cancer and BPH is a problem.
In conclusion, our studies show that PSA-binding peptides selected by phage display can be used as a new type of ligand in sandwich assays together with an antibody as the capturing ligand on the solid phase. This assay detects enzymatically active PSA and is therefore a potential tool for a specific assay of cancer-associated forms of PSA. A large number of peptides reacting with specific proteins have already been identified by phage display. This technique has mainly been used to develop reagents for tumor targeting (23 ) , but our results demonstrate their potential utility for development of novel types of ligandbinding assays.
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